Reactive oxygen species (ROS) are generated in mammalian cells via both enzymatic and non-enzymatic mechanisms. Although certain ROS production pathways are required for the performance of specific physiological functions, excessive ROS generation is harmful, and has been implicated in the pathogenesis of a number of diseases. Among the ROS-producing enzymes, NADPH oxidase is widely distributed among mammalian cells, and is a crucial source of ROS for physiological and pathological processes. Reactive oxygen species are also generated by arachidonic acid (AA) metabolites, which are released from membrane phospholipids via the activity of cytosolic phospholipase A2 (cPLA2). In this study, we describe recent studies concerning the generation of ROS by AA metabolites. In particular, we have focused on the manner in which AA metabolism via lipoxygenase (LOX) and LOX metabolites contributes to ROS generation. By elucidating the signaling mechanisms that link LOX and LOX metabolites to ROS, we hope to shed light on the variety of physiological and pathological mechanisms associated with LOX metabolism.
), hydrogen peroxide (H2O2), and hydroxyl radicals (•OH) (1) . Although ROS have classically been regarded as cytotoxic and harmful, recent evidence suggests that superoxide radicals and H2O2 may also function as essential components of signal transduction pathways (2) . ROS have also been implicated in cell proliferation, survival, migration, and adhesion pathways (1) (2) (3) (4) . The targets of ROS include key signaling molecules, such as transcription factor nuclear factor κB (NF-κB), mitogen-activated protein kinases, tyrosine phosphatases, and phosphatase and tensin homologue (PTEN), which hydrolyzes the 3-phosphate group of the bioactive lipid, phosphatidylinositol 3,4,5-triphosphate (1, (5) (6) (7) .
Until recently, phagocytic NADPH oxidase was the bestcharacterized example of ROS production in mammalian cells. This enzyme catalyzes the respiratory burst (1) and is comprised of a catalytic subunit (i.e., gp91phox, or NOX2), regulatory subunits (i.e., p22phox, p47phox, p40phox, and p67phox), and a small GTPase (i.e., Rac). Non-phagocytic cells also generate significant quantities of ROS, albeit in much smaller amounts than in phagocytes (i.e., only a small percentage of the ROS levels detected in activated neutrophils) (2) . In non-phagocytic cells, ROS are produced via a variety of cellular oxidative metabolic processes, including NADPH oxidase, xanthine oxidase, arachidonic acid (AA) metabolism by cyclooxygenases (COX; more accurately, prostaglandin G/H synthase) and lipoxygenases (LOX), and the mitochondrial respiratory chain (2). In the 1990s, an increase in the number of sensitive assays available facilitated the detection of ever-smaller quantities of ROS, as well as enzyme generation in a variety of non-phagocytic cell types. Over the past several years, non-phagocytic NADPH oxidases (e.g., NOX1, 3, 4, 5 & DUOX1 and 2) homologous to gp91 (i.e., NOX2) have been demonstrated to catalyze ROS production in non-phagocytic cells (1) .
Arachidonic acid is released from glycerophospholipids in the nuclear envelope and from the plasma membrane via the activity of cytosolic phospholipase A2 (cPLA2), and is subsequently metabolized by COX and LOX to generate a variety of bioactive eicosanoids, including prostaglandins, thromboxanes, and leukotrienes (as shown schematically in Fig. 1) (8, 9) . ROS may be generated as a byproduct during the oxidation step of AA by COX and LOX (2) . In addition to the oxidative metabolic processes of AA by COX and LOX, AA itself has also been reported to activate NADPH oxidase directly, thereby inducing ROS generation (10) (11) (12) . Over the past few years, LOX-and COX-generated AA metabolites have been demonstrated to stimulate the generation of ROS by NOXs (11, 13) , thus revealing the existence of an inter-connecting signaling system between eicosanoids and NOXs. The generation of ROS by AA metabolites may also perform pivotal roles in various cell signaling pathways, although the mechanisms by which AA metabolites mediate ROS generation remain to be clearly elucidated. In this review, we describe recent studies into the generation of ROS by eicosanoids, and in particular the generation of ROS by AA metabolic pathways via LOX. http://bmbreports.org 
Lipoxygenases and reactive oxygen species
Lipoxygenases are a group of closely related dioxygenases that catalyze the addition of oxygen to AA and polyunsaturated fatty acids (PUFAs), yielding hydroperoxyl derivatives including hydroperoxyeicosatetraenoic acids (HPETEs) (8, 14) . Lipoxygenases are classified as 5-, 8-, 12-, or 15-LOX, according to the site of oxygen insertion within AA. Upon reduction, the corresponding hydroxyl derivatives hydroxyeicosatetranoic acid (HETE), leukotriene (LT), and lipoxins are generated (15) (Fig. 1 ). These oxidized metabolites perform crucial functions in the regulation of many biological processes, and aberrant oxidative AA metabolism has been implicated in the pathogenesis of a variety of human diseases, including cancer, atherosclerosis, rheumatoid arthritis, Alzheimer's dementia, and aging (15, 16) . During LOX-catalyzed metabolism, unstable byproducts of AA hydroperoxidation can function as ROS (15, 17, 18) . In addition, the metabolism of 5-, 12-, and 15-LOX produce leukotrienes, 12(S)-HETE, and 15(S)-HETE, which can induce NADPH oxides to stimulate ROS production (11, 13) . For example, a 5-LOX metabolite [i.e., leukotriene B4 (LTB4)] has been shown to activate NADPH oxidase in non-phagocytes (19) (20) (21) (22) . In addition, a variety of cytokines and growth factors are known to generate transient ROS bursts in non-phagocytic cells, a process which can be blocked by inhibitors of either the lipoxygenase pathway or NADPH oxidase (23) (24) (25) (26) (27) (28) , thereby suggesting the existence of a inter-connected signaling link between 5-LOX metabolites and NOX.
Eicosanoids generated via the 5-LOX pathway are known to harbor at least six receptors. These include OXE, which recognizes 5-HETE and 5-oxo-6,8,11,14-eicosatetraenoic acid (5-oxo-ETE); the FOG7 receptor, which is believed to recognize the 5-oxo-ETE metabolite, 5-oxo-7-glutathionyl-8,11,14-eicosatetraenoic acid (FOG7); BLT1 and BLT2, which recognize LTB4 and other eicosanoids such as 12-HETE; and CysLT1 and CysLT2, which recognize the cysteinyl leukotrienes LTC4, LTD4, and LTE4. The results of recent studies have demonstrated that these receptors perform unique functions in cell signaling and pathophysiology (29) . Cyclooxgenase (COX) transforms AA into prostaglandin H2 (PGH2), the immediate precursor of a variety of prostanoids including prostaglandin (PG) and thromboxane A2. Thromboxane A2 and 12-HHT are generated from PGH2 in an equimolar ratio, in a reaction catalyzed by thromboxane synthase (Fig. 1) . COX metabolites (e.g., PGF2α are generated in a COX-dependent manner, and are capable of stimulating NADPH oxidase. However, delayed PGF2α-dependent activation of the NADPH oxidase system requires the transcriptional upregulation of NOX-1 (30) . Therefore, short-term delays may occur in eicosanoid-medi-http://bmbreports.org BMB reports ated NOX activation, although the details of this mechanism remain to be clearly elucidated (11).
5-LOX metabolites and reactive oxygen species
The 5-lipoxygenase enzyme, which was initially described 1976 by Borgeat et al. (31) , is a 78 kDa protein which catalyzes the biosynthesis of potent bioactive eicosanoids, such as LTs and HETEs. The biosynthesis of LT begins with the metabolism of AA by 5-LOX. These soluble dioxygenases incorporate oxygen molecules at position C5 of the fatty acid, yielding 5(S)-hydroperoxyeicosatetraenoic acid (5-HPETE), which is subsequently metabolized by 5-LOX to generate the unstable epoxide, leukotriene A4 (LTA4). LTA4 can be converted to LTB4 via LTA4 hydrolase, or to LTC4 via LTC4 synthase (16) .
The most relevant pathophysiological function performed by LTs involves the regulation of inflammatory immune responses. Leukotriene B4 (LTB4) is a potent activator of neutrophil chemotaxis, whereas the cysteinyl leukotrienes (CysLTs) (i.e., LTC4, LTD4, and LTE4) are key mediators of allergic inflammation (16, 32) . LTB4, which was the first leukotriene to be isolated, elicits a variety of inflammatory responses, including leukocyte activation, chemotaxis, and degranulation (8, 33, 34) . Over the past few years, it has been reported that LTB4 treatment of fibroblasts and neutrophils results in ROS generation, and that LTB4-induced chemotaxis is mediated by a NADPH oxidase-dependent cascade. These observations suggest that LTB4-induced ROS generation occurring via NOX is crucial to cell chemotaxis (34, 35) . In addition, Giembycz has reported that LTB4 promotes the robust, receptor-mediated activation of NADPH oxidase in guinea pig eosinophils (21, 36) . LTB4 has also been previously shown to promote the phosphorylation and translocation of p47phox, thereby stimulating NADPH oxidase (22) . Collectively, these results suggest that the 5-LOX metabolite, LTB4, appears to stimulate NOX, thereby generating ROS that mediate a variety of signaling pathways in non-phagocytic cells. It has been previously established that LTB4 functions by binding to the BLT1 and BLT2 receptors (33, 37, 38) . Most studies of LTB4 receptors have focused on the high-affinity receptor, BLT1, which is expressed exclusively in inflammatory cells (e.g., leukocytes) and performs a function in inflammatory processes (33) . By way of contrast, BLT2 evidences a low affinity for LTB4 and is expressed in a broad variety of tissues, with the highest levels observed in the spleen, leukocytes, and ovaries (37, 38) . Although the physiological functions of BLT2 have yet to be thoroughly explained, the results of recent studies appear to suggest that BLT2 plays a pivotal role in ROS generation (19) . For example, the presence of BLT2 is known to be critical for ROS generation via NOX1, thereby mediating Ras transformation (19) . Furthermore, increased ROS levels in Ras-transformed cells are believed to be elicited via either the autocrine or paracrine effects of high levels of LTB4, which amplifies the LTB4-dependent cascade via BLT2. Recently, Okuno et al. reported that 12(S)-hydroxyheptadeca-5Z, 8E, 10E-trienoic acid (12-HHT) is a natural in vivo lipid agonist of BLT2, along with LTB4 and 12(S)-HETE (39) . In fact, 12-HHT can be abundantly detected in tissues and bodily fluids, and has long been regarded as a byproduct with no specific activity (39) . Previous studies have demonstrated that 12-HHT and thromboxane A2 are produced from PGH2 in an equimolar ratio, and that this reaction is catalyzed by thromboxane synthase in activated blood platelets and macrophages. However, it remains to be determined whether 12-HHT is capable of generating ROS via the stimulation of BLT2.
12-LOX metabolites and ROS
12-lipoxygenase (12-LOX), a member of the lipoxygenase superfamily, catalyzes the stereospecific oxygenation of AA to 12(S)-hydroperoxyeicosatetraenoic acid (HPETE) and 12(S)-hydroxyeicosatetraenoic acid (HETE) (40) . At least three types of 12-LOX have been characterized--platelet-type, leukocyte-type, and epidermal 12-LOX. Platelet-type 12-LOX synthesizes 12(S)-HPETE and 12(S)-HETE from AA, whereas leukocyte-type 12-LOX synthesizes 12(S)-and 15(S)-HETE. Each 12-LOX isozyme has been detected in various cell types, including smooth muscle cells, keratinocytes, endothelial cells, and tumor cells. In addition, elevated 12-LOX activity has been implicated in hypertension, inflammation, thrombosis, and the development of skin tumors (41) . Although the physiological relevance of the 12-LOX and NADPH oxidase pathways has yet to be firmly established, several researchers have suggested that 12-LOX acts upstream of the NADPH oxidase pathways. It was recently reported that 12(S)-HETE, a product of 12-LOX, activates the NADPH oxidase pathway to generate ROS during HIV-induced thrombocytopenia and platelet fragmentation (23) . De Carvalho et al. identified a signaling connection between 12-LOX and NADPH oxidase, using a mouse knockout model. For example, in the pathogenesis of colon cancer, 12-LOX regulates Nox1-dependent ROS production to enhance the spread and proliferation of colon epithelial cells (13) . However, the exact role of 12-LOX in the activation of Nox1 remains to be clarified in further studies (40).
15-LOX metabolites and reactive oxygen species
Previous studies have established that 15-LOX catalyzes the addition of oxygen molecules onto carbons 13 or 15 of its substrates (18) . This enzyme was initially discovered in rabbit reticulocytes and immature red blood cells (42, 43) . Later, the reticulocyte-type of 15-LOX was designated 15-LOX-1. In 1997, Brash et al. cloned a second type of 15-LOX from human hair roots. This epidermal-type 15-LOX was designated 15-LOX-2, and is expressed in the skin, prostate gland, lungs, and the cornea (44) . It is well known that 15-LOX-1 converts linoleic acid and AA to 13-(S)-HPODE and 13-(S)-HODE, respectively. Additionally, 15-LOX-2 can convert AA and linoleic acid to http://bmbreports.org 15-(S)-HPETE and 15-(S)-HETE, respectively. As is the case with other LOX families, 15-LOXs (i.e., 15-LOX-1 and 15-LOX-2) are believed to regulate ROS generation. It has also been reported that the anti-carcinogenic properties of 15-LOX-2 and its metabolites arise from ROS generation and the subsequent activation of p38 (15) . Recently, it has been suggested that 15-LOX may play a role in NOX activation. For example, Suraneni et al. previously reported that Nox may be an important mediator of ROS generation via 15-LOX (14) . However, further studies will be necessary to characterize the relationship between 15-LOX and NOX, with regard to cell signaling.
Conclusions and future perspectives
There is mounting evidence to suggest that eicosanoids and ROS are involved in a variety of pathological processes, as well as the inflammatory response. However, the mechanisms by which eicosanoids mediate the specific signaling pathways involved in ROS generation have yet to be clearly demonstrated. Future studies of the eicosanoid receptors that mediate ROS generation, in addition to their relationships to NOX, should be expected to further our understanding of the signaling pathways involved in ROS generation.
